All forms of anaesthesia equipment may use electronic signals to record flow and concentration and also to control gas flow and ventilation. The advantages of closed circuit anaesthesia are becoming increasingly apparent I. Electronic control is particularly suited to this form of operating anaesthetic machines and some of the ways this may be carried out are described below.
The ability to control accurately both the volume of gas being delivered and its composition is an essential feature of the modern anaesthetic machine. The evolution of flowmeters in use on anaesthetic machines has recently been reviewed 2. It has been a continuous process starting with the water sight-feed meter (bubble bottle) of Cotton and Boothby (1912) 3 and proceeding through a variety of differential pressure meters either of the fixed orifice, variable-pressure type such as the Foregger flowmeter or more commonly, the fixedpressure, variable-orifice device such as the Connell, Heidbrink or Coxeter (dry bobbin) meters. The Rotameter was initially out of the mainstream of anaesthetic flowmeter development. It is a meter of the fixed-pressure, variable-orifice type which has an interesting history'. It was patented in 1909 and was used for anaesthesia in Germany between 1910 and 1913, but although used in industry it did not begin to be used again on anaesthetic machines until its introduction in the 1937 version of the Boyle's machine. After this the Rotameter came into universal use and is now by far the most commonly used flowmeter on anaesthetic equipment. The important advantage of the Rotameter over other similar devices is that because of the obliquely placed vanes or grooves around its rim the bobbin revolves when in use and this gives visual evidence of gas flow. In other similar devices the bobbin or float may stick and falsely indicate gas flow without its being realised that the bobbin is sticking.
The causes of flowmeter bobbins sticking are static electrical charges, dirt, or failure to mount the flow tube vertically. These are no longer a problem in properly maintained modern equipment and the accuracy of the rotameter is entirely adequate for clinical purposes, particularly if low and high flow tubes in series are employed. However there is now a requirement for the measurement and control of gas flow by electrical signals and for these purposes the Rotameter is not well suited (see below).
This new requirement has arisen chiefly from the possibilities of using servo-systems for the control of anaesthetic machines. A number of the functions of anaesthetic equipment appear amenable to servocontrol, e.g. the regulation of ventilation to maintain a pre-set P aco2, the maintenance of predetermined proportions of gases in the fresh gas flow when the total flow rate is (automatically) changed and the control of the inspired oxygen concentration by blood oxygen saturation. The most interesting of these control possibilities is the delivery of volatile anaesthetic agents. A number of workers' have already used the end-tidal (end-expired) anaesthetic concentration-a measure of the arterial concentration-as the controlling signal of a servo-system. The anaesthetic machine is set to produce and maintain a predetermined endtidal anaesthetic concentration, e.g. 1.3 MAC.
Other interesting possibilities are to control the anaesthetic delivery by one or more of the numerous variables which are affected by anaesthesia such as blood pressure, pulse rate, digital blood flow, galvanic skin response, frontalis electro-myography etc. Best would be a signal from (presumably) the brain giving a measurement of the "depth of anaesthesia" for use in controlling anaesthetic delivery. Since anaesthesia is essentially an absence of response, a study of evoked responses holds out the best hope of achieving such a measurement 6
• It was mentioned above that rotameters were not well suited to electronic recording or control; however, an electrical signal indicating the position of the bobbin can be obtained by mounting a strip of light-emitting elements on one side of the flow tube and a strip of photosensitive cells on the other. The bobbin occludes light and records its presence. This is a method of measurement having low discrimination because of the length of the bobbin and the relatively small number of detecting elements which can be used. The needle valve control knob can be controlled by an electrically driven servo-motor. This is an established engineering practice capable of considerable precision but seems clumsy compared with the methods described below.
A complicating factor for both the measurement and control methods described above is the use of mUltiple tapers in the flow tube which is standard practice in modern rotameters to give improved accuracy at both low and high flow rates within the same flow tube. Needle valves having multiple tapers may also be encountered.
Measurement
Considering measurement alone it is simple to obtain an electrical signal from any flowmeter of the variable pressure fixed orifice type which measures flow from the pressure drop across an orifice or other resistor. This can be done using an electronic differential pressure transducer to measure the pressure drop. In the case of the orifice, there is a square root relationship between flow and pressure differential, this can be corrected electronically but is only true if the flow is fully turbulent. This is a condition not always easy to meet requiring, among other things, a large pressure drop across the orifice ("head loss"). For this reason it is often better to measure the pressure drop across a linear flow element, consisting usually of a bundle of fine tubes or passageways through which the flow is laminar. The pressure drop across such an element is not so great as an equivalent orifice and is linearly related to the flow rate.
The differential pressure transducer may measure the pressure drop across the whole linear resistance element or alternatively across a single tube bypassing the whole element but having the same length and diameter as the tubes making up the element.
A drawback of devices of this sort is that their dependence on Poiseulle's law makes them very sensitive to small changes in diameter of the tubes of the element, and a gas viscosity and temperature correction or compensation may therefore be necessary if accuracy is required. As is often the case with analogue devices, zero drift is a problem.
The flowmeters described above and others using nozzles, venturi tubes etc. give an analogue signal, i.e. a continuously variable electrical signal proportional to flow rate. This usually requires conversion to a digital signal for use in control circuitry or input to a computer.
Fluidic flowmeters produce a dynamic instability in the gas flow which results in oscillations whose frequency is proportional to flow rate. An example is the vortex shedding meter ( Figure 1 ): a rod having an angular cross-sectional shape (non-streamlined) is mounted across the gas pipe. As the gas flows around the "bluff body", vortices are alternatively formed and shed on either side of the body and are carried on for a distance in the gas stream (the Karman Street). The frequency of vortex emission (the Karman frequency) is proportional to flow rate. The vortices may be detected in a number of ways, e.g. by a sensor in the bluff body-a strain-gauge or heated thermistor mounted on the downstream side or by an ultrasound beam across the pipe downstream of the bluff body. These meters are capable of accurate results over a wide range provided flow is turbulent, have no moving parts and the signal does not require A-D conversion.
Thermal flowmeters using the tracer dilution principle are described below in the section on Mass Flow Controllers.
Control of Gas Flow
As already described in connection with the rotameter, electrical control of gas flow can be achieved by using an electric motor (servo-motor) geared down to rotate the control knob of a needle valve. This provides a degree of control which in theory is infinitely variable, over the whole range of the flowmeter.
However modern electronic circuitry and use of computers favours digital systems and attention has been chiefly focused on the use of solenoid valves-i.e. valves controlled by electromagnets which are either on or off. Continuously variable solenoid valves are also available (see Mass Flow Controllers).
Solenoid valves may be used in two different ways to produce a controllable gas flow. In one the gas stream is split into a number of different channels, flow through each of which is controlled by a solenoid valve and a preset orifice (needle valve) which controls the flow rate through the channel when the solenoid valve permits it. The channels are then combined in an outlet manifold. In a published design' eight pre-set needle valves were used calibrated and locked in binary sequence. The lowest valve permitted a flow of 50 mllmin, each one above this allowing twice the flow of the previous one. By using different combinations this array of valves may therefore deliver a series of flow rates between 50 and 12,750 mllmin in steps differing by 50 ml-a rangeability of 255:1. The solenoid valves are controlled by computer from which any required flow rate is requested. Figure 2a shows a flowmeter of this sort having five gas channels permitting the flow rates shown. Figure 2b shows the combination of valve openings needed to produce flows from 500 ml to 10 litres 8 • Two or more assemblies of this sort may be used in parallel to make a gas mixer". The importance of the pre-set needle valves in design of this sort is that they act as "choked", sonic or critical flow nozzles. When there is a high pressure drop across the nozzle, i.e. at least one half the upstream pressure, then the velocity of gas through the nozzle throat reaches a critical value equal to the speed of sound. Under these conditions the flow rate through the nozzle is independent of pressure changes downstream of the nozzle. This is important for anaesthetic applications in which changes may be made in the resistance of the downstream circuit. For instance ventilators of the minute volume divider type impose a constantly chang- ing "back pressure" load on the gas supply. A further advantage of critical orifice nozzles is that flow rate is proportional to upstream pressure.
The second way in which solenoid valves may be used is for them to be regularly pulsed, each period for which the valve is open allowing a volume of gas to pass. The volume of gas passed per unit time clearly depends on how long the valve is open and the frequency of open periods.
The opening and closing of valves used in this way may be controlled in two different ways. In one ( Figure  3a ) the frequency of the valve opening is fixed but the time it remains open may be varied-the mark/space ratio is changed. This may be termed pulse width modulation. In the other method ( Figure 3b )-pulse frequency modulation-the pulse width is fixed but the frequency of pulsing is varied. A complicating factor in attaining accuracy and linearity in these devices is the switching time. A period of time (opening transient) is taken for the valve to open and another, usually different period of time for it to close. Sonic chokes are used in gas flow controllers with pulsed solenoids for the same reasons as in the binary array of fixed orifices previously described. A gas mixer using pulsed solenoid valves is shown in Figure 4 . In this design frequency modulation is used '0. A feature of gas flow controllers using pulsed solenoids is that as might be expected, the output from the controller is also pulsatile and before use for most clinical purposes the gas flow requires to be smoothed.
It might be thought best to rely on flow calibrations dependent on the tolerances of fixed orifices rather than on the tolerances of moving parts" but the mechanical design of solenoid valves has now reached a high level, e.g. those used in the design shown in Figure 4 have a specification of 10 8 cycles which, at the relatively slow frequency of their operation (up to 8Hz in this device) would give a life of five years of use for eight hours, six days per week. These valves are not expensive and it would be entirely feasible to replace them routinely every year.
With the accuracy and flexibility of control conferred by these devices it is clearly possible to construct both vaporizers and ventilators. Figure 4 shows, (in addition to the gas mixer already described), a vaporizer". The principle used is that of the Copper Kettle type of vaporizer. A small proportion (determined by the cycling rate of a third solenoid valve) of the total flow from the gas mixer is bubbled through liquid anaesthetic in a level controlled, carburettor-like vaporizer. The gas from this chamber is fully saturated with anaesthetic vapour and rejoins the main gas flow. Figure 5 shows the schematic diagram (courtesy of Or John A. Bushman) of a prototype combined gas mixer and ventilator controlled entirely by solenoid valves using pulse width modulation. Three gas channels are shown for O 2 , N 2 0 and air, or e.g., the new anaesthetic agent desflurane which may be handled as a gas from a pressurised and heated reservoir. Four solenoid valves of different sizes are necessary to give a sufficient range of flows in each channel. Gas Anaesthesia and Inlensive lare, ~~ol. 22, \'0. 4, Augusl, 1994 flow through each channel is controlled by passage through a critical orifice valve, i.e. a solenoid valve attached to a critical (sonic) orifice. The flow through the orifice when the valve is open is determined by the upstream pressure which is measured by a pressure transducer. The composition of the final gas mixture is determined by the mark/space ratios of the valves in the three gas channels.
In addition to the proportioning control applied to the three gas channels a further respiratory pattern control is applied overall to the total gas flow through the system so that, with gas proportions unchanged, the gas flow rises and falls in a manner determined by the respiratory pattern generator. Both the inspiratory and expiratory waveforms may be shaped as desired.
The total flow in the final common pathway to the patient is measured by a pressure transducer mounted upstream of a critical orifice. Ventilation is shown as controlled by end-expired C02 measurement.
Mass Flow Controllers
Another device giving electronic control of gas flow which has been developed commercially is the mass flow controller. This consists of a continuously variable solenoid valve, i.e. a valve through which the flow of gas can be varied by the voltage applied to a solenoid-as opposed to the on-off devices previously discussed. The flow through the valve is continuously measured by a type of flowmeter using the tracer principle. In this case the tracer used is heat and the flowmeter may be described as a stream temperature rise thermal flowmeter l2 . The principle of operation is shown in Figure 6 . In this model the tube through which gas passes is heated by the transformer T, and heat sinks cause a temperature gradient to exist along the tube. TC I and TC 2 are thermocouples attached to the outer wall of the tube. When no gas is flowing the meter M sees no difference in output between the two thermocouples but when gas flows heat is transferred by the gas stream reducing the output of TC I and increasing the output of TC2. The difference between the output of the two thermocouples is therefore a function of the mass flow of gas and is displayed in the meter.
It is not always desirable to heat the entire gas stream and it is more common to mount the heat source and thermal sensing elements on a small tube bypassing a linear flow resistance through which the main gas stream passes and in which linear flow is maintained. A refinement improving accuracy is to measure the heat required to maintain a constant difference between a heat sensor upstream of the heating element and one downstream of the element. Flowmeters working on these principles have useful attributes, they measure the mass of gas passing and therefore no corrections are required for either temperature or pressure. Calibration can be transferred from one gas to another by a correction based on specific heat. Communication between the flowmeter and the solenoid valve mounted downstream makes the mass flow controller an accurate device unaffected within quite wide limits by temperature and gas pressure changes both upstream (gas delivery) and downstream (back pressure). These devices are therefore particularly suited to use in anaesthetic machines and have been developed to a high degree of precision and reliability. Figure 7 shows the circuit diagram of a machine in which the gas flows are controlled by mass flow controllers and servo-systems control oxygen, nitrous oxide and volatile anaesthetic agentl4. A conventional circle system with two valves is used with a ventilator of the bag-in-bottle type. The bag consists of a concertina bellows which rises on expiration (standing bellows). The bellows can be used for spontaneous as well as controlled ventilation.
The height of the bellows is continually monitored by an ultrasonic beam reflected off the top of the bellows. Oxygen concentration in the circle is continually monitored by two oxygen sensors and when the concentration falls below a pre-set value (e.g. 30%) oxygen is admitted by a mass flow controller to bring the concentration up again.
Pal,pnl At the same time the volume in the system is monitored from the bellows and when this falls below the pre-set valve it is made up by a mixture of N 2 0 and O 2 . The N20 is controlled by a second mass flow controller. Rotameters are mounted in series with each of the mass flow controllers to provide visual evidence of gas flow.
The end-expiratory anaesthetic concentration is measured from a sampling tube in the patient's airway and liquid anaesthetic is injected into the system from a motor-driven glass syringe until a pre-determined endexpired concentration is attained. The system is completely closed and gas sampled by the anaesthetic gas analyser is returned to the system.
A second canister containing activated charcoal can be switched into the circuit when the administration of anaesthesia ceases. This is highly efficient in removing volatile anaesthetics (not N 2 0) and permits awakening without opening the system.
The machine has been successfully used for clinical anaesthesia and works well in practice. It provides continual records of oxygen, nitrous oxide and volatile agent uptake and is a step towards the aspirations of Karl Connell who wrote" in 1913 "the trend in the present is towards that exactness of dosage and perfection of delivery that will place anaesthesia on the basis of an exact science. This dosage in its highest refinement can only be secured by automatic mechanical measurement and delivery".
